A NUMBER OF recent studies suggest that the mammalian superior colliculus plays a crucial role in visually guided behavior (33, 35) . Ablation experiments indicate that lesions in the hamster superior colliculus can cause severe deficits in orienting to visual and auditory stimuli while leaving intact the ability to discriminate pat serns in situ .ations in whi ch no orienting component is necessary for the successful performance of the discrimination (32). Related to this view is the idea that the colliculus plays an important role in the control of eye and head movements. After unilateral colliculectomy in the monkey, Denny-Brown (6) reports a fascinating cluster of eye-movement deficits. While the animal could look to either side or up and down, there was a slight divergent strabismus, and the optokinetic response was present only when the stripes entered the visual field from the operated side. Though the monkey could reach accurately for an object in the visual field contralateral to the lesion, he could not fixate the object, but only looked in its general direction. After bilateral colliculus lesions, monkeys showed fixed gaze, lack of reactivity to visual stimuli; lack of vocalization, and a variety of other deficits which led Denny-Brown to describe this structure as the "pattern setter of the nervous system." Though other workers have failed to confirm the oculomotor deficits reported in this study (2, 28), recent work usi *g more sophisticated methods for head immobilization and eyemovement recording has confirmed and extended many of Denny-Brown's original observations (M. Stryker, P. H. Schiller, and F. Koerner, unpublished observations). It has long been known that stimulation of the colliculus results in head and eye movements (1, 3, 4, 12), and a recent study in alert monkeys indicates that saccadic eye movements of particular sizes and directions can be elicited by stimulation in different zones in the colliculus (29) .
An understanding of the mechanisms subserving these postulated functions requires knowledge of the transformations of the visual input occurring at the superior colliculus. Several recent reports have focused on the receptive-field organization of the tectum opticum in carnivores, amphibia, birds, and lower mammals (10, 20, 24, 37). Generally, units in the tectum respond well to moving stimuli and display little specificity for different stimulus shapes or orientations. ln the cat and ground squirrel many units show strong preferences for a particular direction of stimulus movement (26, 36), but these directional preferences are rare in colliculus units of other species (13, 18, 24) . In the deeper layers of the colliculus, units responding well to novel stimuli and giving weaker responses on repeated stimulus presentation have been observed; multimodal responsivity has also been observed in cells in the deeper layers. However, few detailed reports have dealt with the response characteristics of single cells in the primate colliculus (18, 21) The object of this study, therefore, was to describe the response characteristics of single units in the superior colliculus of the rhesus macaque (Macaca muEatta) and to study the topographic organization and functional subdivisions of this structure. Data from two cats are included to facili-tate comparison with a species which has been extensively studied (8, 25, 34, 36, 37) . MATERIALS 
AND METHODS
Eleven adult rhesus monkeys, weighing 3.0-7.0 kg, and two adult cats were used, The animals were anesthetized with intravenous 5% thiopental sodium (Pentothal, Abbot) and light anesthesia was maintained throughout the surgical procedure. An endotracheal cannula was inserted and the head was placed in a stereotaxic frame with raised eye and ear bars to allow a full field of vision, A trephine hole was cut in the skull. above the superior colliculus, and EEG electrodes were implanted over the contralateral visual cortex. The animal was paralyzed with intravenous gallamine triethiodide (Flaxedil, Davis and Geck) at a high rate of injection initially and then maintained on a solution of gallamine (38.8 mg/hr) and 5% lactated dextrose in Ringer solution (7.4 ml/hr). The Pentothal was discontinued and the animal was artificially respired, using a Harvard apparatus 607 respiration pump, with a mixture of 60% nitrous oxide and 40y0 oxygen. Recta1 temperature was kept at 38.8 C with a heating pad. Expired CO, was monitored by infrared absorption using a Beckman physiologic gas analyzer and kept between 3.5 and 4.0%. Pupils were dilated with 0.25y0 scopolamine hydrobromide (Isoptohyoscine, Alcon). A slit retinoscope was used to determine the correct lenses for focusing the eyes on a tangent screen at a distance of 57 inches from the eyes. Contact lenses of appropriate power were then placed on the cornea1 surfaces and the optic discs and foveas were mapped onto the screen with a reversing ophthalmoscope.
The contact lenses were removed and the eyelids taped closed for 4 hr every night to allow oxygenation of the corneas. Some animals were maintained for 5 days, but almost aI1 of the data reported here are from animals maintained for 3 days. The dura was incised and a 19-gauge needle containing a glass-coated platinum iridium microelectrode (41) was inserted at a loo angle from the Horsley-Clarke vertical in some preparations, or at a ZOO angle in others, to a point stereotactically determined to be 4 mm above the superior colliculus. Conventional amplification procedures were used, and the units and EEG were displayed on a Tektronix type 565 oscilloscope.
Receptive-field locations were determined using a hand projector and were mapped onto the tangent screen for each eye separately. Background illumination (3.5 cd/m2) was sufficient for low photopic conditions, and the stimuli were 1-1.5 log units above threshold. Stimuli could be moved across the receptive field by driving a mirror galvanometer with a Wavetek 912 function generator. The function generator could also trigger a computer of average transients (Mnemotron) which was used to produce poststimulus time histograms (9). The unit and Wavetek signal were recorded on magnetic tape for later analysis.
To correlate receptive-field positions in the visual field with recording positions in the colliculus, some electrode tracks were marked with lesions made by passing 5 pa of current through the electrode tip for IO sec. At the end of the experiment, the animal was perfused with 0.9% saline followed by 10% formalin.
The brain, fixed in 10% formalin, was aIIowed to sink in 30y0 sucrose in 10% formalin, embedded in albumin, and 30-p frozen sections were cut in the Horsley-Clarke plane. One brain was cut in the sagittal plane. The sections were stained with cresyl fast violet and recording positions were verified. A reconstruction of the superior colliculus, viewed from above, was constructed by measuring its perimeter on every 5th frontal section through the structure.
The procedure for cats differed from that already described for monkeys in the following ways: the cats were paralyzed by continuous infusion of a mixture of tubocurarine chloride (Squibb) at; a rate of 2.8 mg/hr, gallamine triethiodide (X4 mg/hr), and 5% lactated dextrose in Ringer (3.4 ml/hr) (5). The nicitating membranes were retracted with lO% phenylephrine hydrochloride (Neosynephrine, Winthrop) and the pupils were dilated with O.Z5a/, scopolamine hydrobromide.
Cats were maintained under N,O anesthesia for 36 hr. On the first day of recording, the animal's EEG showed periods of slow-wave activity interspersed with low-voltage fast activity. As the experiment proceeded, the periods of fast activity became less frequent and after about 30 hr of recording, the EEG showed only slow-wave activity. As the electrode penetrations were not normal to the surface of the colliculus, no conclusions about columnar organization are possible from these experiments. Other cells responded best to stimuli smaller than the activating region and the optimum stimulus for these cells could be as small as 5% of the area of the activating region with larger stimuli being less effective. Stimuli were equally effective anywhere within the activating region. Stimuli larger than the activating region were usually less effective because of encroachment onto the suppressive surround.
The response of a unit characteristic of this type is illustrated in Fig. 3 . Less than 10% of units studied gave any response to a 1 log unit increase or decrease in the level of background illumination. Some cells gave rather consistent responses to flashing spots, usually responding to both stimulus onset and o&et with a latency of 40-W msec, but in most cases the response was weak or erratic and in other cases there was no response at all to flashing stimuli. All cells in these layers could be activated by moving stimuli and showed a strong preference for moving stimuli over flashing ones. Most responded well to slow velocities (.5-3P/set) and were not activated as well by faster speeds. They did not respond preferentially to any direction of stimulus movement, although a few cells exhibited a weak and rudimentary directional preference due to asymmetries in the strength of the surround, which was best noted by averaging procedures. In short, most cells in the superficial layers of the monkey superior colliculus responded in a rather nonspecific fashion, exhibiting unaltered responses on changes of stimulus shape, orientation, contrast, and direction of movement, and consistent responses to any small moving stimulus within the restricted activating region of the receptive field.
A small number of units encountered at the surface of the colliculus possessed unusual properties: two units which responded best to slits of a particular orientation were seen while three units encountered were clearly directionally selective. One unit was directionally selective and also responded best to a slit of a particular orientation. Too few of these units were encountered to draw any firm conclusions about their nature, but some of them may have been presynaptic elements.
In the intermediate layers (stratum griseum intermediale and stratum album intermediale), the area of the visual field over which the background activity responded to light became larger, and the sizes of the receptive fields of single units increased. In these layers, the activating regions of single units ranged from 1 to 70' in diameter. Their shapes were again circular, ellipsoid, or in some instances approximately rectangular. The spontaneous activity of these cells was usually low. Most cells fired only a few times per minute. These cells gave weaker responses on repeated presentation of suboptimal stimuli. We were able to compare the effectiveness of various stimuli by determining the number of presentations required for the response to disappear to each of them as well as by examining the strength of the intial response. These two measures showed a high positive correlation.
Like the cells in the superficial layers, cells in the intermediate 1 ayers were insensitive to details of stimulus shape or orientation. About 20% of the units studied in the intermediate and deep layers responded at least once to a I log unit change in diffuse illumination.
About 30% of the units studied in the intermediate and deep layers appeared to be truly nonspecific and could best be described as "newness" or "novelty" detectors (23). They responded best to novel stimuli moving through the receptive field or appearing suddenly within-the field. Subsequent presentations of the same stimulus would evoke successively weaker responses. Repeated stimulation of one eye resulted in weaker responses from either eye. The rate of response decrement on repeated stimulus presentation varied with depth in the colliculus. At the transition point between the superficial and deeper layers, it manifested itself merely as a slight fat&ability which made it necessary to wait while mapping the receptive field. As the electrode was advanced, the response decrement on repeated stimulus presentation became so strong that a new stimulus rarely evoked more than one or two responses. Still deeper, cells were sometimes encountered which, though still rather nonspecific, exhibited less rapid response decrement than those encountered previously. No clear-cut relationship between the cell's responses and the state of the EEG could be shown since after about 30 hr of recording, the EEG of the animal was always synchronized.
In some units, the long-term responses to visual stimuli were studied by sweeping a spot constantly back and forth across the receptive field. Figure 4 shows the responses over time to a repeating stimulus of a cell studied in the intermediate layers of the colliculus. This histogram was taken long after the initial response decrement on repeated stimulus presentation had been observed. As can be seen, the responsivity of this unit waxed and waned over time with the unit occasionally responding to the stimulus as well as it had on the first presentation. The spontaneous activitv of this unit was only a fkw spikes per min;te. Histogram B, therefore, represents variation in the unit's responsiveness over time, and it cannot be accounted for bv variation in spontaneous activity.
Intermingled with these nonspecific cells in the intermediate layers, two other types of cells were found which resDonded to more specific aspects of the vi&I stimulus. One class of cells differed from all others studied by responding better to flashing stimuli than to smooth movement. The optimum stimulus for these cells, however, was a short jerky movement within the receptive field. Most of these cells responded both to stimulus onset and offset, but a few gave stronger on-or off-responses. A cell which responded more strongly to on than to off when a flashing stimulus was used would respond better to the jerky stimulus entering the receptive field than to leaving it, and cells giving larger off-responses responded better to the stimulus leaving the receptive field than entering it. These cells also possessed suppressive surrounds and responses were weaker to stimuli larger than the receptive field. Stimuli much smaller in size than the activating region were usually the optimum stimulus. These cells were insensitive to details of stimulus shape or orientation as well as to direction of movement. Figure 5 shows the activity of a typical unit during smooth, sinusoidal, and jerky movement within the receptive field. While giving little or no response to the smooth movements, the unit followed each jerky movement of the stimulus. Some of these cells exhibited little or no response decrement to their optimum stimulus, but others exhibited erratic responsivity to the jerky stimulus. Some of these cells would begin responding to the jerky stimulus only after a few stimulus cycles. During a continuous presentation of the jerky stimulus, these cells would respond to every stimulus movement for several cycles, then would not respond for a few cycles, and later would again begin responding to the jerky movement.
Another group of cells in these laminae was optimally activated by a shadow tongue entering an illuminated area. There was no effect of differently shaped tongues, but light tongues, edges, slits, spots, annuli, and all other stimuli were far less effective in exciting these cells. These cells often had extremely strong suppressive surrounds and the size of the illuminated area into which the shadow tongue entered was often quite critical. Illuminating an area larger than the activating region in these cells resulted in much poorer responses to the shadow 
About 10% of the cells found in the intermediate and deep layers exhibited a striking afterdischarge to various types of novel stimuli. This afterdischarge, which could last as long as 10 set, could rarely be evoked from a given cell more than a few times. Figure 6 shows the response of a cell of this type to a stimulus appearing suddenly within the receptive field and then remaining fixed in position. Directional selectivity was observed in 5% of all cells studied. Cells exhibiting this property were either at the very surface of the colliculus or were scattered throughout the intermediate and deep layers. There was no clear arrangement of the preferred directions of these cells relative to the fovea such as that found in the cat (36, 37). These units were also binocularly driven and possessed no clear orientation or shape specifici ty except for the one unit noted previously. It was noted that three of these units had their receptive fields located far from the area from which background ac- Figure 7 shows the encountered cells which had nonoverlapping receptive fields, a very rare phenomenon in the monkey. As in-the monkey, the receptive fields of individual units consisted of activating regions flanked by suppressive surround areas which were asymmetric in strength in some cases. In the cat, the receptive fields were much larger than those of the monkey for the same retinal locus relative to the area centralis. As in the monkey, receptive fields increased in size with increasing depth in the superior colliculus.
The activating regions were often elongated in cats, tending to be ellipsoid or approximately rectangular in shape, whereas those of the monkey were usually rounder in shape. These cells were also insensitive to small differences in stimulus shape or orientation and some were also optimally activated by stimuli much smaller than the activating region. The ocular dominance distribution of 25 cells studied in one cat is shown on the right-hand side of Fig. 7 . This distribution differs from that of the monkey, where virtually all cells were activated equally by both eyes, in showing a greater spread of ocular dominance. Directional selectivity was observed in 68% of all cells studied in cats, and as noted by others (36, 37), the optimal direction of stimulus movement for most cells ocular dominance distribution of cells in the colliculus of the cat and monkey. As can be seen, all cells within the arka of binocular overlap were driven well bY either eye in monkeys. Receptive fields were located in approximately points in both retinas, but the homologous special precautions necessary to prevent residual eYe movements (5) were not taken.
Receptive-field organization of cat cblliculus
Forty-eight cells were studied in seven penetrations in two cats. The area of the visual field over which background activity could be evoked was much less compact in the cat than in the monkey, and -it was of ten possible to record from successivelv In the deeper layers we also noted directionally selective cells, some of which gave weaker responses to repeated stimuli. Unlike our experience in the monkey, we found no cells which exhibited strong preferences for jerky movement nor did we observe cells specifically activated by shadow tongues entering illuminated areas. In one monkey, 15 penetrations were made through the colliculus, and the relationship between receptive-field location in the visual field and unit position on the colliculus surface was established. If no unit was isolated within .3 mm from the surface, the center of the area of the visual field over which light stimulation evoked responses from the neural background was used to establish the location in the visual field. The fovea and optic disc were mapped on the tangent screen several times during represented in the most posterior part of the colliculus, whereas, in general, the upper visual field is represented more medially and the lower field more laterally on the surface of the colliculus. In the cat, however, we found receptive fields which were clearly 1612" ipsilateral to the area centralis. This representation of the ipsilateral half-field was not seen in the monkey. Am   5  IO  I5  20  25  30  35  40  45  50 Receptive-field organization
The results of this study show that cells in the superficial layers of the monkey colliculus respond well to small moving stimuli within the restricted activating region of their receptive fields and are irken&ive to details of stimulus shape and orientation as well as direction of Imovement. A finegrain spatial representation of the visual field exists in the tectum such that even 40" from the fovea receptive fields with activating regions as small as 4' could be found. The wide variety of stimuli which could elicit responses from these cells has led us and others (31) to refer to these cells as "event detectors."
The lack of form specificity exhibited by tectal units is consistent with data showing that monkeys with tectal lesions have no impairments in tests of pattern discrimination (2). In contrast, Humphrey (19) has shown that monkeys with ablations of the occiGta1 lobe exhibit severe deficits in form dis&mination, but retain the ability to reach out for moving objects. With training and practice the capacity to localize even stati onary objects improves, but there is no evidence of recognition of objects by sight.
Here again, the distinction between localizing and identifying systems can be made (33). It seems possible that the fine-grain representation of the retina on the tectal surface provides the substrate for object localization which survives occipital cortex ablation.
Behavioral experiments in monkeys involving serial cortical and tectal lesions might bear on this hypothesis. In the deeper layers some of the units studied appeared to be true newness neurons, giving weaker responses to repeated presentation of any stimulus. Response decrement to repeated stimuli has been observed in tectal neurons in several species (14,23, 37). In cats and rabbits, neurons with these properties are reported to occur in the deeper layers of the colliculus, and thev tend to be associated with multimodal responsivity.
Units related to eye or head movements have been found in these lavers (30, 34, 38, 42) and it may be of interest to try to conceive of the newness units more in terms of their possible relation to the oculomotor system-than as purely sensory 
Retinot+c organization
The projection of the various parts of the visual field onto the surface of the tecturn has been studied in many vertebrates (3, 5, 10, 11, 20). In many species all parts of the visual field are represented equally on the surface of the tectum, but in some cases relative magnification of parts of the visual field on the surface of the tectum has been noted (20, 22). In the monkey, as in the cat, the upper visual field is represented on the more medial parts of the superior colliculus while the lower field projects to more lateral portions of this structure. 
